Abstract: 2365 is hot work tool steel. In this study, pulsed plasma electrolysis technique has been used, in order to improve the surface hardness and wear resistance of the 2365 substrates. Polished-2365 samples were boronized by plasma electrolysis by using borax aqueous solutions at two different concentrations and two different test durations. The mechanical properties of both the modified and unmodified samples has been carried out by means of the micro-hardness, wear resistance and friction coefficient measurements. The modified samples were characterized by SEM (scanning electron microscope) and EDX (energy-dispersive X-ray spectroscopy).
Introduction
Material surface modification has a role in controlling the material life, which is exposed to environmental effects and against wearing and corrosion. Various surface techniques have been started to used commonly in increasing materials' working life and the economic efficiency progressively [1] . Every year, lots of economies have great losses because of the wearing and corrosion of some machine parts and patterns in various branches of industry. Wearing and corrosion components generally exist on the surface of the material [2] . Due to their high tensile strength, excellent plastic and tough characteristics, steels are easy to work,. However, wear resistance, surface hardness and corrosion resistance of steel is much lower than that of ceramic materials [3, 4] . For this reason, various works are done in order to strengthen steel surfaces. In recent years, comprehensive researches on steel surface procedures have been performed to increase the wear resistance, the hardness and the chemical resistance [5, 6] .
Plasma electrolysis is a kind of electrochemical process. Plasma is created by DC (direct current) or DC pulsed glow discharges between an electrode and the surface of the electrolyte [7] . This method is including PEO (plasma electrolytic anodic oxidation) and PES (plasma electrolytic saturation). The main differences between traditional electrolysis and plasma electrolysis is the possibility of a workpiece heating to a high temperature. Actually, the applied electrode potential in all the electrolytic plasma process is considerably higher than that of the traditional processes [3, 8] . Some of the suitable surface improvement techniques in a plasma environment for steel are carburation, nitriding and boronizing [5, 9] .
Boronizing is an important method for improving surface hardness and it is generally used by engineers. In this method, borid layers are created on the surface pattern with the help of boron diffusion. Then, it is observed if FeB and Fe 2 B phases are happening on the pattern or not [10, 11] . Borid layer increases the D DAVID PUBLISHING
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surface hardness (1300-2100 HV) and wear resistance, thus increases the life of the pattern 3 to 10 times. Boronizing can be done through various methods. These methods are: power pack boronizing, molten salt boronizing, gas boronizing, fluidized bed boronizing, electrochemical boronizing etc. Plasma boronizing and electrochemical boronizing are the ones that supply desired borid phases in a short time.
Since the borid diffusion speed is quicker than the traditional boronizing speed, formation of a thicker borid layer is expected. In previous study, M.A. Béjar and his friends investigated surface hardening of steel by plasma-electrolysis boronizing [12, 13] . In this study, mechanical and structural behavior of 2365 steel was investigated by using pulsed plasma-electrolysis boronizing technique. The aim of this study is to investigate the coating thickness, mechanical properties such as wear resistance, microhardness and friction coefficient of this iron boron coating. The effects of the concentration of borax (Na 2 B 4 O 7 ) and treatment time were evaluated.
We hoped that the iron boron coating by plasma electrolysis method would be beneficial for improving the wear resistance and microhardness of steel substrates.
Experiments
Steel samples of 15 mm in diameter and 5 mm thick were prepared. Before electrolysis, samples were brushed with 800, 1200, 1500 emeries respectively and polished with diamond suspensions. These steel samples were boronized in two different concentrations and two different test durations. Samples were used as electrodes and a stainless steel electrode with a wider surface area was positioned in a distance of 18 mm. 10%-15% borax was used as the electrolyte composition and 5%-7% NaOH was added to the solution in order to increase conductivity. Steel was positioned in cathode side as electrode and the boron was made diffuse to their surface through the solution. Alloy composition rates of the used 2365 steel are given in Table 1 . 
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Pulsed plasma electrolysis experimental setup is shown in Fig. 1 schematically. In every minute, 35 pulse of 1050 volts charges coming from the system, comprised of 300 μF condenser, were applied to the material. In these conditions, the materials were boronized for 4 h (short process) and 8 h (long process). Besides different boronizing periods, the effects of 2 different concentrations, i.e. 10% Na 2 B 4 O 7 (borax) 5% NaOH and 15% Na 2 B 4 O 7 7% NaOH electrolysis solutions, on boronizing were examined. Electrolyte temperature was increased to maximum 50 o C for all process durations.
Codes, electrolyte concentrations and application processes of the samples are given in Table 2 . For the structural characterization of boronized surface, which was formed using pulsed plasma-electrolysis technique, SEM (scanning electron microscope) and EDX (energy-dispersive X-ray spectroscopy) techniques were used. For the mechanical characterization of samples, roughness and wear trace areas were measured with profilometer, hardness was measured with micro-hardness tester, a pin-on-disc configuration was used for wear testing and a tribometer instrument was used.
Result and Discussion
Characterization
In SEM images taken from 5000x magnified boronized samples using pulsed plasma electrolysis technique, micro structures created as a result of discharges in iron surface can be seen. According to Table 2 Electrolyte concentrations and application periods of samples. SEM images, there is no homogenic surface distribution on the surface (Fig. 2 ). This is a natural consequence of pulsed plasma electrolysis techniques effect on roughness. During the high energy plasma discharging, because of unpredictable ions movement, homogenic coating structure is not observed.
Sample Electrolyte concentration% Treatment time (h)
Moreover, in SEM images which are given Fig. 2 , it is understandable, especially in the samples B and C, coating formation is observed as the shape of deposited successive lamellar.
When the images of boron layer created on 2365 steel surface, various coating thicknesses depending on the duration of process and concentration variants are observed (Fig. 3) . It is thought that, the differences in formation are majorly because of differences in concentration. Crack formations in coating were conspicuously observed in all samples. It is thought that the cracks occur as a result of fracturing during discharging of hard boron layers. Like usual boronizing, FeB and Fe 2 B phase were not observed as different layers. Accumulated coating occurred on the surface and penetration was not observed in substrate.
In the performed EDAX analysis, existence of boron in various proportions is identified and these proportions are submitted in Table 3 .
Tribological Properties
The variation of coating thickness formed on 2365 steel's surface with pulsed plasma electrolysis technique depending on the duration of process and borax concentration is given in Fig. 4 . As it can be understood from the figure, in the same borax concentration, if you extend the duration of the process, coating thickness is increased, and in the same duration of process, if you increase the borax concentration, again the coating thickness is increased. When the duration of process was extended, there has been much more increase of coating thickness in borax concentration of 10% than of 15%. The reason is thought to be that if more borax is available, there is much more boron perforating into the surface of the material.
Although a thicker layer is formed in high borax concentration, hardness of these layers is lower than the hardness of layers formed in borax concentration of 10%, as it has been seen in the micro hardness measurements (Fig. 5) . In hardness charts of A and C samples in borax concentration of 10%, when the duration of process is extended, one can see that the layer thickness doesn't increase at all; however hardness of the newly formed layer increases to some high levels. In B and D samples, when the duration of process is extended, a substantial increase in layer thickness is observed, but in terms of hardness values, this increase falls behind the values in borax concentration of 10%.
Parallel to the findings obtained in hardness tests, a similar result came up in corroding behaviors of samples (Fig. 6) . The lowest abrasion value is acquired in electrolyte solution of 10% in the long process. Abrasion rate decreases 5 times in solution of 10% base material in the long process. Samples prepared in concentration of 15% show higher abrasion rates in comparison to other samples of different concentrations. When these findings are combined with the surface hardness, it is thought that the concentration of 10% is more suitable for 2365 steel considering the abrasion resistance.
Friction coefficient values measured on the surface of the samples during abrasion test are given in Fig. 7 . As it is understood from the figures, friction coefficient is lower in boronized samples than the main material. This result contributed to the decrease in abrasion values. As the abrasion process proceeds,
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Microhardness (HV)
Distance from the surface ( m) μ depending on the finished parts, formed surface is slowly lifted and the friction coefficient value approaches to the main material value. The most dense coating was observed in the sample C, as shown in SEM images. Moreover, the highest micro hardness was observed in the sample C as well. Accordingly, during the wear test, the example with the lowest coefficient of surface friction was C.
Conclusions
In this study, pulsed plasma electrolysis technique is used and 2365 steel is boronized. The characteristics and mechanical features of boronizing are reviewed according to the concentration and processing time variables. According to the findings, the following points are acquired:
(1) 2365 steel is subjected to pulsed plasma electrolysis technique and thus important conditionings in surface hardness and wear behavior are accomplished.
(2) When borax concentration and treatment time raised, it was observed that thickness of coating increased in electrolyte.
(3) It was observed that borax concentration effected the hardness of coating. Coating process with the samples A and C which included 10% borax, acquired the highest level of surface hardness. In those samples which included 15% borax was observed precipitating in electrolyte and those precipitating affected negatively resistant of electrolyte. According to precipitating in electrolyte, during the discharging, it was observed that plasma's density decreased, as a result of increasing the resistance.
Another important aspect of this study is that electrolyte concentration has a significant effect on process success. It is determined that, electrolyte solution of 10% gives better results than electrolyte solution of 15%. It is determined that electrolytic solution of 10% gives better results in terms of hardness and wear values than electrolytic solution of 15%.
It is also determined that the 2365 steel, which is widely used in industry, can be subjected to boronizing economically using the pulsed plasma electrolysis technique without specific atmospheric and temperature requirements so that it makes the hardness of the steel and the wear resistance substantially better.
